Nitric oxide (NO) has diverse functions in biology (1;2), and is also an intermediate in oxidative
(nitrification) and reductive (denitrification) metabolic pathways in bacteria and plants (3;4) . In animals NO is produced from L-arginine (Arg) by the nitric oxide synthases (NOSs) (5-7). The NOSs catalyze an NADPH-and O 2 -dependent oxidation of Arg to generate NO and citrulline, with formation of N-hydroxyarginine (NOHA) as an intermediate (Fig. 1) . Each NOS is only active as a homodimer, and their subunits are comprised of an N-terminal oxygenase domain, a C-terminal flavoprotein domain, and a central calmodulin binding motif. After calmodulin binds to NOS, the flavoprotein domain provides electrons to the heme in the NOS oxygenase domain, which enables the heme to bind O 2 and catalyze two cycles of oxygen activation as required for NO synthesis from Arg (8;9 (15;20;21) . They also lack an associated C-terminal flavoprotein domain and central calmodulin binding motif that are present in the mammalian NOSs. Despite these differences, the catalytic properties of bacterial NOSs are similar to those of mammalian NOS oxygenase domains, with the exception that the bacterial NOSs have a slower rate of NO dissociation from their ferric heme (15;18), which may limit the release and detection of their synthesized NO.
Because bacterial NOSs have no attached flavoprotein domains, distinct proteins must provide the electrons needed for their O 2 activation. Like most prokaryotic P450s, the physiological electron donors are still unknown (22) . Our previous results revealed that bsNOS is capable of accepting electrons from a mammalian NOS flavoprotein domain (NOSred) to produce nitrite in a NADPHdependent manner (18) . However, the observed activity and electron transfer rate is far below the normal range found in intact full-length NOS enzymes, suggesting that the native redox partner of bsNOS probably differs significantly from NOSred. Indeed, bacterial P450 enzymes are typically part of a three-protein system in which a small iron-sulfur-containing ferredoxin transfers electrons from an FAD-containing NAD(P)H ferredoxin reductase to the P450 enzyme (22) (23) (24) .
The availability of the B. subtilis genome has made it possible to identify potential redox partners for bsNOS. There are several candidate electron transfer proteins present in the genome, including NADPH cytochrome P450 reductases (CPR), flavodoxins (FLD), an NADPH:adrenodoxin reductase (ADR), putidaredoxin reductases (PdR), sulfite reductases (SiR), a cytochrome b5 reductase (b5R), and ferredoxins (11;22) . Among these, the FLDs are small FMNbinding proteins whose molecular weight typically ranges from 14 to 23 kDa (25) (26) (27) . Their FMN cofactor is non-covalently bound to the protein and partly exposed to solvent (25) . FLD enzymes are found in a wide range of microbes and in some lower eukaryotes (28) and act as electron carriers between other redox proteins. The two FLD in B. subtilitis, (YkuN and YkuP) have recently been cloned, characterized, and shown to support lipid hydroxylation by B. subtilis cytochrome P450 BioI in the presence of E. coli NADPHflavodoxin reductase (FLDR) (25) .
In the present study we examined the two FLD enzymes from B. subtilis and found that YkuN was particularly good at supporting electron transfer and catalysis by bsNOS. Our findings suggest that the FLDR/YkuN enzyme system could be a physiologic electron donor for NO synthesis in B. subtilis.
MATERIALS AND METHODS

Materials.
All reagents and materials were obtained from Sigma, Aldrich, Alexis, or sources described previously (29-31).
Protein Expression and Purification. bsNOS DNA cloned into pET15b vector was transformed into Escherichia coli strain BL21 (DE3) for protein expression. Enzymes were purified using Ni 2+ -nitrilotriacetate (NTA) affinity chromatography as reported previously (18) . Concentrations of NOS enzymes were determined from the 444 nm absorbance of the ferrous-CO complex, using an extinction coefficient 76 mM -1 cm -1 (32) . Bacilus subtilis flavodoxins (YkuN and YkuP) and E. coli Flavodoxin NADP + oxidoreductase (FLDR) were expressed in Escherichia coli strain BL21 (DE3) and purified as described previously (25;27) . Their concentrations were measured using an extinction coefficient of 7. 15, 30, or 90 min at 37 °C. Any remaining NADPH was consumed by adding 10 U/ml lactate dehydrogenase (LDH) and 10 mM sodium pyruvate immediately at the end of the reaction period. Nitrite was detected by adding Griess reagent to each well and was quantitated from the absorbance difference at 550 and 650 nm based on standard nitrite solutions. In most cases SOD was added to the reactions as noted. In certain cases nitrite reductase was used to measure the total amount of nitrite plus nitrate produced in the reactions. Briefly, reactions that had run for the indicated times at 37 o C were then boiled for 10 min and centrifuged at 13,000 rpm for 3 min. The supernatants were distributed into 96 well plates. Nitrate reductase (0.1 U/ml) and NADPH were added and the samples were incubated for 2 hr at 37 °C before addition of LDH and sodium pyruvate.
NO Synthesis and NADPH Oxidation Rates.
NO production in the 3-component reactions was determined by the spectrophotometric oxyhemoglobin assay using a difference extinction coefficient of 38 mM -1 cm -1 at 401 nm (29). Reaction solutions contained 40 mM Epps, 200 μM H 4 B, 0.6 mM DTT, 400 μM NOHA (or 1 mM Arg), 150 U/ml SOD, 6 μM oxyhemoglobin, 0.7 μM NOS, and 0.7 or 2.1 μM YkuN and FLDR. bsNOS was omitted in the reference cuvette. Reactions were run at room temperature and were initiated by adding 200 or 300 μM NADPH to both reference and sample cuvettes. For NADPH oxidation rate measurements, the reactions contained 0.2 μM NOS, 10 μM YkuN and 4.9 μM FLDR, and an extinction coefficient of 6.22 mM -1 cm -1 at 340 nm was used to measure the rate.
Heme Reduction by Photo-reduced FLD.
Solutions of 6 to 32 μM FLD protein in 40 mM Epps buffer (pH 7.6) containing 250 mM NaCl, 10% glycerol, and 3 mM EDTA were placed in an anaerobic cuvette and underwent repeated cycles of vacuum and N 2 purging. A trace of 5-deazariboflavin was then added to the solution followed by several cycles of vacuum and N 2 purging. Protein samples were illuminated gradually for several seconds using a commercial slide projector bulb until fully reduced flavodoxin was obtained (33) . The photo-reduced flavodoxin solution was then mixed with an anaerobic solution containing 2 μM bsNOS, 400 μM H 4 B, 5 mM Arg, 1.2 mM DTT and a half saturating concentration of CO at 10 ˚C in a Hi-Tech (SF-61) stopped-flow spectrophotometer equipped for anaerobic work and coupled to a Hi-Tech MG-6000 diode array detector. Heme reduction was followed by the absorbance increase at 444 nm due to formation of the ferrous-CO complex. Observed rates of heme reduction were determined by fitting the absorbance traces to a single or double exponential function. Data from 6 to 10 mixing experiments were averaged, and the observed heme reduction rates were plotted against the FLD concentration. The data were fit to a linear function to obtain the second order rate constant for bsNOS heme reduction by the FLD.
Single Catalytic Turnover Reactions. NOHA oxidation reactions were carried out in the stopped-flow spectrophotometer at 10 ˚C. A solution containing 40 μM FLDR, 40 mM EPPS (pH 7.6), 250 mM NaCl, and 10% glycerol was made anaerobic and then an anaerobic NADPH solution was added gradually to reduce FLDR. An anaerobic solution of YkuN (40 μM) was then added, and the solution was transferred to the stopped-flow spectrophotometer. Reactions were initiated by mixing this solution with an aerobic solution containing 40 mM EPPS, 4 μM bsNOS, 800 μM H 4 B, 2 mM NOHA, and 2.4 mM DTT.
Ninety-six spectral scans were obtained after each mixing. The rate of heme-NO complex formation was determined from the absorbance increase at 437 nm. Eight to ten scans were analyzed and then averaged to obtain the final trace and rate. In some cases, the reactions utilized a solution of anaerobic, photoreduced YkuN (5 μM) in place of the FLDR/YkuN mixture described above. Catalytic Activity in a 3-Component Reaction System. Catalytic activity was measured as NADPH-dependent nitrite formation from Arg or NOHA in a 3-component system containing FLDR, FLD, and bsNOS. In this system, we expected that NADPH-derived electrons would pass from FLDR to FLD and then to bsNOS, and FLDR would be unable to pass electrons directly to bsNOS. In addition, we expected that NOHA would enable about twice as much product formation from bsNOS as does Arg, because a 2:1 product ratio between the two substrates is typically seen in mammalian NOS reactions (34) .
RESULTS & DISCUSSION
Reactions that ran for 90 min and contained 300 nM bsNOS, 3 µM FLDR, and 3 µM YkuN generated 71 ± 1 µM nitrite from Arg and 157 ± 4 µM nitrite from NOHA (n = 6). This shows that the 3-component system could convert Arg or NOHA to nitrite, and did so in the expected Arg vs NOHA product ratio as noted above. In subsequent reactions we typically used NOHA as the substrate to maximize product formation and simplify comparisons (NOHA oxidation to NO requires that only one electron be transferred to bsNOS, while Arg oxidation to NO requires that three electrons be transferred). In a 30 min reaction, almost 10 nitrite per min was generated from NOHA in a 3-component reaction that contained FLDR and YkuN (Table 2) . Nitrite production in the reaction was linear for at least 30 min (Fig. 2) . Reactions that contained bsNOS, FLD, or FLDR alone, or containing any two of these three protein components, generated only minor amounts of nitrite (Table  2 ). This confirms that FLDR cannot directly support catalysis by bsNOS, and that an FLD protein needs to be present. For comparison, an identical 3-component 
Adding superoxide dismutase (SOD) to the 3-component reactions did not diminish nitrite formation in any case, even at SOD concentrations as high as 167 U/ml (data not shown). This argues that the nitrite resulted from oxidation of NOHA by bsNOS and not from a superoxide-based reaction that may occur with NOHA if there is superoxide generated from uncoupled O 2 reduction by a heme protein (37) .
We utilized nitrate reductase to determine the total amounts of nitrite plus nitrate produced from NOHA in the 3-component reactions. We found that the nitrate and nitrite concentrations were approximately equivalent in 30-minute reactions that were run at two different protein component ratios (FLDR: FLD: bsNOS = 30:30:1 and 50:50:1; data not shown). Thus, total nitrite plus nitrate could be estimated to be approximately twice the measured nitrite values. This gives an estimated catalytic turnover number for the YkuN-supported bsNOS reaction of 20 min -1 , which approaches the range of turnover numbers that are typically observed for the three mammalian NOS enzymes at similar temperature (20 to 110 min -1 ) (35;36) . This is remarkable, because in the current system bsNOS catalysis is supported by a physically separate FLD protein and is independent of the Ca 2+ -binding protein calmodulin, which is otherwise essential in the mammalian NOS reactions.
The rate of NADPH consumption was also measured in separate 3-component reactions ( Table 2) . The values indicate that FLDR and FLD, when combined, catalyze significant NADPH oxidation independent of bsNOS. Thus, when bsNOS is present, only a minor portion of the total NADPH consumption in the 3-component system is coupled to nitrite plus nitrate production, while the rest is oxidized by FLDR/FLD in an uncoupled manner. The uncoupled NADPH oxidation is likely due to flavin autooxidation, which is significant because the FLD and FLDR concentrations in our reactions are 10 times greater than the bsNOS concentration.
Figs. 3A and B plot the rates of nitrite production observed in 3-component reactions that contained different concentrations of YkuN or YkuP and a constant concentration of bsNOS. The nitrite production rate was proportional to the FLD: bsNOS ratio and reached or neared a maximum in both cases. This is consistent with the FLD acting as an intermediate in the electron transfer process and probably participating in a rate limiting step such as bsNOS heme reduction (6 (25) . Our data imply that YkuN (and to a lesser extent, YkuP) would be capable of interacting with bsNOS at low micromolar concentrations in the intact bacterium to drive catalysis.
NO Production by bsNOS.
Given the ability of FLDR/YkuN to support bsNOS catalysis, we went on to test for NO release using the oxyhemoglobin spectroscopic assay. Fig. 4 contains a representative trace that indicates NO production from NOHA in a reaction containing FLDR, YkuN, and bsNOS. We observed a prolonged burst phase of NO release (about 60 s at 1.9 NO min -1 ), followed by an extended period of slower NO release (approximately 0.12 NO min -1 ). Other traces that detail the initial phase of NO synthesis from Arg or NOHA are shown in the inset of Fig. 4 and gave initial rates of 2.5 ± 0.2 and 5.7 ± 0.2 min -1 (n = 4), respectively. These rates indicate that NO represents a significant fraction of the N-oxide product(s) being released from bsNOS. Additional experiments suggested that the slower NO release in the later stage of the reactions was associated with buildup of a bsNOS ferrous heme-NO complex (data not shown). Together, our results establish that sustained NO synthesis from Arg or NOHA is possible in a reaction containing FLDR, YkuN, and bsNOS, and likely takes place according to the model drawn in Fig. 5 .
Reduction of bsNOS Heme by Photoreduced FLD.
To investigate the kinetics of bsNOS heme reduction we first needed to generate photo-reduced FLD. Fig. 6A displays the UV-visible spectrum of YkuN in its three different redox states during a typical photoreduction titration: The starting oxidized form, the one-electron reduced semiquinone form, and the two-electron reduced hydroquinone form. In our heme reduction experiments we mixed the YkuN hydroquinone with ferric bsNOS under anaerobic conditions in a stopped-flow spectrometer at 10 ˚C, and the extent and rate of heme reduction was determined ( Fig. 6B and inset) . Heme reduction was rapid and occurred to a significant extent in the reaction. This is consistent with the hydroquinone/semiquinone FMN midpoint potential of YkuN (-382 mV; (25)) being more negative than the heme midpoint potential of bsNOS (-310 mV, Santolini & Stuehr, unpublished data), and with our finding that YkuN supports a good rate of NO synthesis by bsNOS in the 3-component system.
We next determined rates of heme reduction at 10 ˚C in experiments that mixed different concentrations of YkuN hydroquinone with a single lower concentration of bsNOS. The absorbance traces at 444 nm best fit to a two-exponential equation (especially at the higher YkuN to bsNOS ratios). The slower phase (k 2 ) represented a minor fraction of absorbance gain in each trace and was found to increase in value only two-fold over the 6-fold Fig. 6C ), we conclude that reduction of bsNOS by YkuP hydroquinone is less efficient compared to reduction by YkuN hydroquinone. This is consistent with YkuN displaying a greater V/Km value than does YkuP for bsNOS nitrite production (Table 3) .
Heme-NO Complex Formation and NO Dissociation During Catalysis.
In mammalian NOSs the newly-produced NO binds to the ferric heme before it is released from the enzyme, and this means that heme-NO complex formation and dissociation rates help to determine the overall activity of a NOS (6). We thus examined heme-NO complex formation and dissociation in a 3-component reaction run in the stopped-flow spectrophotometer.
Fig. 7A displays absorbance traces collected at the start of the reaction and after 13.2 s had elapsed. We observed buildup of an absorbance peak at 437 nm in the scan collected at 13.2 s. The 437 nm peak and the visible absorbance bands at 546 and 578 nm are characteristic of the ferric heme-NO complex of bsNOS (18) , and indicate that NO was generated from NOHA and bound to the ferric heme during the reaction, similar to what occurs in mammalian NOS enzymes under these conditions (38) . Fig. 7B depicts the kinetics of heme-NO complex formation in the stopped-flow reaction. The absorbance trace fit best to a biphasic transition with the first phase (k 1 , 2.60 ± 0.08) accounting for 71% of the absorbance gain and the slow phase (k 2 , 0.41 ± 0.02) accounting for the remainder. The k 1 of ferric heme-NO complex buildup determined for this reaction matches the observed rate of bsNOS heme reduction by photo-reduced YkuN under identical reaction conditions (an FLD:bsNOS ratio of 10:1, 10 ˚C, see Fig. 6C ). This implies that bsNOS heme reduction by YkuN is rate-limiting for NO synthesis in the three-component reaction under these conditions.
To follow dissociation of the heme-NO complex, we performed the reaction in a somewhat different way, by mixing a solution of anaerobic, photoreduced YkuN hydroquinone with an aerated solution of bsNOS in the stopped-flow spectrophotometer. Under this circumstance we could minimize multiple catalytic turnover in the system, and thus monitor NO dissociation from the heme after the single catalytic turnover. Fig. 7C shows the buildup and decay of the ferric heme-NO complex under these reaction conditions. Rates for buildup of the ferric heme-NO complex and its subsequent dissociation were 2.2 and 0.16 s -1 , respectively. This NO dissociation rate is similar to that reported previously for bsNOS in single turnover reactions that utilized a pre-reduced (ferrous) bsNOS (18;39). The single turnover results confirm that YkuN can support NO production by bsNOS and show that YkuN does not alter the rate of NO release from the enzyme heme.
Specificity of YkuN for bsNOS.
We also tested whether the NADPH/FLDR/YkuN system might support catalysis by other NOS proteins. Reactions contained NOS oxygenase (NOSoxy) proteins either from mammals (nNOSoxy or iNOSoxy), an insect (drosophila, drNOSoxy), or a different bacteria (Deinococcus radiodurans, deiNOS) in place of bsNOS. Activity was measured as nitrite formation from NOHA in a 30 min assay. As shown in Table 4 , the NADPH/FLDR/YkuN system supported catalysis by both bacterial NOS enzymes about 5 to 10 times better than it supported the mammalian or insect NOSoxy proteins. This is consistent with the mammalian NOSoxy proteins displaying relatively poor electron transfer interactions with their separated reductase domains (40;41).
Apparently, YkuN cannot achieve an interaction with the mammalian and insect NOSoxy enzymes that enables efficient electron transfer to the heme. This holds despite an apparent conservation among mammalian and bacterial NOS proteins regarding a potential docking site for redox partners involved in heme reduction (42) . Structural distinctions that may enable the observed specificity include a low degree of amino acid conservation between the FLD proteins and the FMN domains of mammalian or insect NOSs (Supporting figure) . Indeed, YkuP and YkuN share only 10-15% amino acid identity and 20% similarity with the FMN domain of the mammalian NOSs. In addition, the insect and mammalian NOSoxy domains all contain N-terminal hook elements that are missing in the bacterial NOS proteins (43) . At this point, we can likely rule out any thermodynamic differences, given that the midpoint potentials of the YkuN hydroquinone/semiquinone are compatible with mammalian NOSoxy heme reduction. We are investigating the structural basis for the specificity.
CONCLUSIONS
Facile reduction of bsNOS by native FLD expands our understanding of biological electron transfer reactions that involve NOSlike enzymes. The kinetic properties of YkuN in particular suggest that it likely could support the catalytic activity of bsNOS in the intact bacterium even if the enzymes are expressed at low µM levels. The superior efficiency of YkuN over YkuP was unexpected because these two FLD proteins have similar protein sequences, almost identical flavin midpoint potentials, and are equal in supporting the activity of B. subtilis cytochrome P450 BioI (25) . While our data argue that the FLD could act as physiologic electron donors to bsNOS, biological electron transfer reactions are often degenerate, and we cannot rule out the possible involvement of other electron transfer proteins that are present in B. subtilis. These include an NADPH:adrenodoxin reductase, five putidaredoxin reductases, a cytochrome b5 reductase, and Fe 3 S 4 bacterial ferredoxins (see Table 1 ). Most of these redox proteins are capable of supplying electrons to bacterial or animal cytochrome P450 hemeproteins, although their efficiencies have not often been determined (22) . Combined genetic and biochemical experiments could address this issue regarding the bacterial NOS. In any case, the current study is the first to identify a bacterial flavoprotein that can transfer electrons in a kinetically-competent manner to bsNOS and, in conjunction with an FLDR, support sustained NO synthesis from Arg or NOHA. The ability of the NADPH/FLDR/FLD system to support catalysis by bsNOS (or by deiNOS) may help us understand the mechanisms of NO synthesis and tryptophan nitration in these bacteria (12;16-20) . It will also be interesting to determine if the NADPH/FLDR/FLD system is a general means for providing reducing equivalents to NOS-like proteins in other bacterial strains. FLD, flavodoxin; CPR, NADPH cytochrome P450 reductase; SiR, sulphite reductase; PdR, putidaredoxin reductase; b5R, cytochrome b5 reductase; AdR, adrenodoxin reductase. 2 We found that flavoproteins derived from YvgR or YrhJ supported comparatively little nitrite production by bsNOS and supported extremely slow heme reduction rates (data not shown). 
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